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Abstract 
In this work, we present an investigation by Kelvin Probe Microscopy (KPM) of buried graphitic 
microchannels fabricated in single-crystal diamond by direct MeV ion microbeam writing. Metal 
deposition of variable-thickness masks was adopted to implant channels with emerging endpoints 
and high temperature annealing was performed in order to induce the graphitization of the 
highly-damaged buried region. When an electrical current was flowing through the biased buried 
channel, the structure was clearly evidenced by KPM maps of the electrical potential of the surface 
region overlying the channel at increasing distances from the grounded electrode. The KPM 
profiling shows regions of opposite contrast located at different distances from the endpoints of the 
channel. This effect is attributed to the different electrical conduction properties of the surface and 
of the buried graphitic layer. The model adopted to interpret these KPM maps and profiles proved 
to be suitable for the electronic characterization of buried conductive channels, providing a 
non-invasive method to measure the local resistivity with a micrometer resolution. The results 
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demonstrate the potential of the technique as a powerful diagnostic tool to monitor the functionality 
of all-carbon graphite/diamond devices to be fabricated by MeV ion beam lithography.  
 
I. Introduction 
The existence at ambient conditions of different allotropic forms of carbon with radically different 
structural and electrical properties (most importantly, diamond and graphite) is an important feature 
allowing the fabrication of all-carbon devices for various technological applications. In this context, 
the employment of focused MeV ion beams in diamond is a versatile tool to create different 
structural forms of carbon by the progressive conversion of the sp
3
-bonded diamond lattice to a 
sp
2
-bonded amorphous/graphitic phase
1
. This effect is related to the ion-induced formation of 
structural defects (vacancies, interstitials and more extended complexes) in the crystal lattice, with a 
strongly non-uniform depth profile that determines the creation of highly-damaged layers at a depth 
of the order of micrometer within the crystal bulk, depending on the ion energy (see for example 
Fig. 1). Ion beam implantation in diamond was extensively applied for the fabrication of a broad 
range of devices: waveguides
2,3
, photonic structures
4,5,6
 micromechanical resonators
7,8
. In particular, 
the possibility of creating graphitic and electrically conductive regions allowed the fabrication of 
infrared radiation emitters
9
, field emitters
10
, bolometers
11
, biosensors
12
 and ionizing radiation 
detectors
13, 14
. 
The charge conduction mechanisms in amorphized/graphitized diamond have been investigated in 
previous works
15,16,17
. In the case of buried conducting layers and channels, the analyses were based 
on current-voltages characterizations carried out by probing 2 or 4 terminals emerging at the surface 
through conductive columns fabricated by laser induced graphitization
18
, high-voltage-induced 
thermal breakdown
19
 or by modulating ion penetration depths by multiple energy ion implantation
20
 
or variable-thickness metallic masks
21
.  
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However, to our best knowledge, because of the inaccessibility of the buried conductive regions, no 
local microscopic analyses of their electrical properties have been so far performed. They could be 
effectively explored by scanning probe microscopy techniques such as Electric Force Microscopy 
(EFM)
22
 and Kelvin Probe Microscope (KPM)
23,24
, but these techniques are mainly used to 
investigate the surface electrical properties of semiconductors and insulators, such as the potentials 
of different terminations of diamond surface
25,26
. It has to be underlined that KPM has been  used 
for the study of the buried interface between diamond and a thin film (25 nm) of polypyrolle
27
 and , 
recently, for the spectrally and spatially resolved photovoltage measurement of a Schottky junction 
made of a  4 nm thin tungsten-carbide layer on oxygen-terminated boron-doped diamond 
28
.On the 
other hand, they have been rarely used to study deeper buried structures, as in the case of the 
detection of metal-polymer interfaces buried under a 100 nm polymer thick film
29
. 
In this work we demonstrate the possibility of imaging the electronic properties of deep (1 
buried graphitic structures in diamond by scanning probe microscopy. KPM maps and profiles were 
taken with sub-micrometric spatial resolution in the presence of a steady DC current flowing in the 
channels, in order to characterize the device in working conditions  
Results are analysed by modelling both the capacitance couplings and the voltage drops between the 
buried channels and the conductive surface. 
II. Experimental 
A. Ion Beam Fabrication  
Ion implantation was performed on a synthetic single crystal diamond produced by HPHT (High 
Pressure High Temperature) process and classified as type Ib on the basis of single substitutional 
nitrogen ([N] ~ 10  100 ppm) content. The crystal was cut along the [100] crystallographic 
direction and it was polished on the large face that was microfabricated and characterized. The 
sample was implanted at the AN2000 accelerator of the INFN - Legnaro National Laboratories
30
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with a scanning focused 1.2 MeV He
+
 ion beam at a fluence of ~10
17
 cm
-2
. The beam spot size was 
~10 µm and the beam current was comprised between 2 nA and 3 nA. Before the implantation 
process, the diamond surface was covered with a 1 µm thick copper layer in order to reduce the ion 
penetration depth to the desired value (1 µm). Furthermore, variable thickness masks were 
employed in order to realize damaged structures with endpoints emerging up to the surface
21
. 
Figure 1 shows the depth profile of the ion-induced structural damage, being parameterized as the 
volumetric density of induced vacancies, as resulting from SRIM 2013.00 Monte Carlo code
31 
in 
50 eV
32
. As already pointed out in previous works
33
, the vacancy-density profile was obtained by 
modelling the effect of cumulative ion implantation on the number of vacancies with a simple linear 
approximation, which does not take into account complex processes such as self-annealing, ballistic 
annealing and defect-defect interaction, therefore such value can only be considered as an effective 
parameter quantifying the induced damage density. The implantation resulted in the formation of 
sub-superficial amorphized layers, structured in one longitudinal channel and two transverse 
channels, located at 1 µm below the surface. 
After removal of the copper mask, thermal annealing at 1000 °C for 1 hour was performed to 
induce the graphitization of the highly-damaged buried region, where the vacancy densities exceeds 
a threshold value estimated as 9×10
22
 cm
-3
 in previous works
34,21
. As a result, the buried 
amorphized regions converted to 200 nm thick graphitic channels located at the above-mentioned 
depth (see the highlighted region of the profile in figure 1). Finally, the endpoints were contacted 
with metal pads: a Cr/Cu deposition was followed by 400 °C heating for 1 hour to create a 
conductive carbide compound with chromium. In figure 2 an optical micrograph (a) and a 3D model 
of the final device (b) are shown: two transversal channels emerge at the diamond surface in four 
locations highlighted by red circles. At each side of the main longitudinal channel, the pair of 
emerging points is short-circuited through the common surface metal deposition.  
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B. Current-voltage characteristics 
The current-voltage characteristics of the channels were measured at room temperature with a 
Keithley 2636 electrometer in a standard two-electrode configuration, by using two micro-tip 
probes in contact with the two Cr/Cu metal electrodes deposited onto the channel endpoints. 
Surface conductivity was measured using two similar control electrodes not connected to the 
graphitic channel. 
C Atomic force microscopy 
A Park Sc -100 AFM equipped with rectangular Au-Cr-coated cantilevers (NSC-14 
Cr-Au, MikroMash, spring constant of 5.7 N m
-1
 and resonance frequency between 160 kHz and 
170 kHz) was used to perform a morphological characterization of the microfabricated sample. The 
Typical scanning areas were 35×35 µm
2
 and the scanning rate was 0.5 Hz. The oscillation 
frequency of the cantilever was near the resonance on the upper-side. The morphology of the 
sample was recorded in non-contact, amplitude modulation mode. 
D Kelvin Probe Microscopy 
In KPM measurements the AC voltage applied to the cantilever tip was set to Vac
 
= 2.5 V and a DC 
voltage Vapp = 3.5 V was applied to one of the surface electrodes while the other (left) electrode was 
grounded in order to have a current flowing through the longitudinal buried channel (figure 2b). The 
electrostatic forces at frequency  = 17 kHz were minimized by a feed-back loop controlling the DC 
voltage Vdc applied to the tip. Typical scanning areas were 35×5 µm
2
 at a scanning rate of 0.2 Hz. In 
all the experiments, Vac and Vdc were applied directly by the control unit of the AFM microscope, 
whereas a Keithley 614 electrometer was used as external voltage source for Vapp. The cantilever 
was oriented parallel to the long axis of the electrodes to minimize artifacts due to the capacitance 
between the cantilever beam and the electrodes
35.
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III. Results and discussion 
Voltage-current characteristics of the surface and of the buried channels (data not reported here) 
exhibit a linear ohmic behaviour, in agreement with was reported in Picollo et al.
21
. The electrical 
resistance of the buried graphitic channel results Rc a value which is negligible compared 
to the resistance of the surface (Rs = 493 , which is attributed to a surface conductive layer 
induced by the high temperature annealing of the sample
36
.  
The topography profile above the buried channel is reported in figure 2c, which shows a 
pronounced surface swelling of 100 nm localized at the implanted area. The presence of surface 
swelling in implanted diamonds is a well know effect
37,38,39
 due to the lower density of the graphitic 
channel with respect to the one of the surrounding diamond crystal. 
As shown in figures 3a and 3b, KPM maps of dimensions 35×5 µm
2
 were acquired across the 
a). 
The KPM maps clearly show a central plateau in correspondence of the buried channel. As 
expected, the KPM maps are not remarkably influenced by the topography of the surface (i.e. 
swelling shown in the AFM map in figure 2c) as proven by the inversion of the contrast, when 
probing regions close to the grounded (figure 3a) or the biased (figure 3b) electrode.  
To analyse in more detail the behaviour of the contrast in the KPM maps, transversal profiles (i.e. 
along the y axis) were extracted from KPM maps similar to those shown in figures 3a and 3b and 
centred in different positions along the channel (coloured dashed segments in figure 2a). Figure 3c 
shows these profiles relevant to 7 different positions distributed along the x axis from the grounded 
(left) to the biased (right) electrode. Figure 4 summarizes the different behaviour of the average 
KPM signals relevant to the surface (i.e. far from the buried channel, 
KPM
VS) and to the buried 
channel (
KPM
VC) as a function of the x position. In order to remove the effects of the contact 
potential and of the intrinsic surface potential
40
, all the KPM signals have been subtracted to the 
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reference signal measured with both grounded electrodes. Moreover, this procedure minimizes any 
possible influence of surface contaminations on the KPM measurements
41,42
.  
From the inspection of figure 4, the following considerations can be made: 
 i) the KPM signals from both the regions directly above and aside the buried channel increase 
when moving from the grounded electrode to the electrode biased at Vapp = +3.5 V; 
ii) near the grounded left electrode, the KPM signal on the region directly above the buried channel 
is larger than the baseline, while the opposite happens near the right electrode; in between, a 
cross-over between the two profiles is observed.  
To understand this behaviour we have to consider that the KPM signal corresponds to the Vdc that 
minimize local electrostatic force F  induced by several conductive elements present in the 
system
43,44
 + cant x from 
the left electrode F(x) is the sum of the contributions relevant to all the conductive elements, 
namely the surface conductive layer (F0), the longitudinal buried channel (F1), the left and right 
electrodes (F2, F3) and the left and right transversal channel (F4, F5). The i-th force Fi(x) at point x 
depends on the potential (Vi(x)) generated by the i-th conductive element and on the capacitive 
coupling Ki(x)  + i-th conductive element, i.e.:  
  (1) 
The KPM signal (
KPM
V) is then given by:  
         (2) 
Equation (2) implies that the KPM signal is the weighted average of the potentials associated to the 
different conductive elements, the weighting factors being the capacitive coupling of the conductive 
elements with the tip. We note that these terms decrease with the increasing of the distance from the 
conductiv  + 
43
, hence, far from the electrodes, the dominant 
terms in the sums of equation 4 are related to the surface (K0) and to the buried channel (K1). 
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Regarding the contribution in equation (2) relevant to the surface (V0(x)) it can expressed as the 
interelectrode (w =  
          (3) 
V0(x ) is indicated  by the dashed line in figure 4.  
Furthermore, we can safely assume that far away from the buried channel, the term related to the 
longitudinal buried channel in equation (2) (i = 1) can be neglected, and, by plotting V0 as function 
of the experimental KPM signal relevant to the surface (
KPM
VS), it is apparent that the contribution 
of all the other terms provide a linear relationship (figure 5a), i.e.  . The 
coefficients a = (0.65 ± 0.06) V and b =(0.62 ± 0.03), extracted from the linear fit of the 
experimental data, can be considered as defining the transfer function, which correlate the KPM 
signal to the real potential at point x. In particular, at point x located onto the buried channel, the 
KPM signal , filtered from the contribution of the left and right electrodes (F2, F3) and 
transversal channel (F4, F5) can be evaluated through the expression:  
        (4) 
as shown in figure 5b.  
Actually, the macroscopic electrostatic tip-sample interaction can be calculated from the potential 
energy:  
  (5) 
stored in the two capacitors in series formed between the tip/surface and surface/channel. The free 
energy ( ) of the system can then be calculated by the sum of the two capacitor contributions and 
by the work done by the sources
45
: 
 
       (6) 
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By virtue of the high resistance of the surface, in equation (5) the work done by the voltage source 
was consider acting only in maintaining fixed V1, whereas V0 is let free to change according to the 
potential related to the charge induced by V1 onto the surface, minimizing the electrostatic energy 
along the z direction, it is found that 
KPM
VC is equal to V1. 
Such an interpretation is further corroborated by the potential drop calculated from elementary 
circuital analysis of the five resistances drawn in the inset in figure 5b, i.e. four parallel transversal 
resistances of lengths di (i = 1, 4) and one longitudinal resistance of length dL+dR+w. Assuming a 
constant resistivity of the graphitic channel and a constant section of the buried channel, the 
potential V1(x) is given by: 
       (7) 
 it is worth noting that, apart from a slight shift, V1 is close to the experimental data corrected by the 
linear transfer function ( , see figure 5b. 
Finally, it is worth remarking that the abovementioned analysis provides a method to locally 
evaluate the channel resistivity. In fact, the slope of the experimental potential drop along the 
channel ( ) is connected to the graphitic channel resistivity  by the 
following relationship:  
        (8) 
where A is the channel section (200 nm  I is the current (1.04 mA) flowing through the 
graphitic channel. Such a value is in good agreement with the typical resistivity values measured for 
standard polycrystalline graphite (  = 3.5 m  cm)
21,46
. 
It is worth remarking that the linear behaviour of the  data point implies the 
homogeneity of the resistance along the main axes of the channel.  
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Lastly, it has to be underlined that the asymmetries in the device geometry do not significantly 
affect our key findings. Indeed, the lack of symmetry in the positioning of the metal electrodes 
results only in a shift of the cross-over between the two profiles of figure 4 from the mid-point 
between the two electrodes to a position slightly closer to the left electrode. Furthermore, the 
definition of two transversal channels and their slight asymmetry with respect to the axis of the 
longitudinal channel result substantially in the addition of two resistors in parallel at each side of the 
buried channel equivalent circuit depicted in the inset of figure 5b. 
IV. Conclusions 
Sub-superficial graphitic microchannels fabricated in single-crystal diamond with a deep ion beam 
fabrication technique were characterized by mapping the electrostatic properties of the sample by 
probing in non-contact mode the electrostatic tip-sample force. KPM was proven to be suitable to 
map graphitic channels buried at a depth of 1 m. KPM maps represent the actual electrical images 
of the graphitic channels, since they are practically insensitive from the surface morphology. The 
model adopted to interpret these maps provides a non-invasive method to measure the local 
resistivity of buried conductive channels. For the case of study, the constant potential drop across 
the buried channel evidences a uniform distribution of resistivity, whose value is in agreement with 
that of polycrystalline graphite.  
These results have significant implications for the fabrication of all-carbon graphite/diamond 
devices; in facts, they have demonstrated the potential of the technique to non-invasively map with 
a micrometer resolution and in working conditions, the electrical properties of more complex buried 
graphitic patterns, which can be directly written by MeV ion beam lithography in diamond
47
. 
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Figures Captions 
Fig. 1 Vacancy density profile induced by 1.2 MeV He
+
 ions at a fluence of 1 10
17
 cm
-2
 in diamond 
covered by a 1-µm-thick copper layer as calculated by SRIM2013.00 Monte Carlo simulations. The 
dashed region in the graph represents the highly damaged buried region where the thermal 
annealing induces the graphitization, due to the vacancy densities exceeding a critical threshold. 
 
Fig. 2 (a) Optical micrograph of the buried channels, which lie at 1 µm below the sample surface. 
The emerging end-points are highlighted by red circles. All channels are 12 µm wide and the 
inter-
3 (a,b): dashed lines indicates the locations of the KPM profiles shown in figure 3(c). (b) 
Schematics (not to scale) of the sample and of the KPM experimental setup. Both DC (Vdc) and AC 
(Vac) voltages are applied to the conductive AFM microtip. A second independent DC voltage (Vapp) 
is applied across the buried graphitic channel. (c) Topography profile acquired across the buried 
channel. The horizontal axis is orthogonal to the graphitic channel. 
 
Fig. 3 KPM maps collected from surface regions above the buried channel lying closer to the left 
(a) and the right (b) electrode (regions left electrode is grounded; 
the right electrode is biased at Vapp = +3.5 V. Maps were acquired with the fast scanning direction 
orthogonal to the channel axis. (c) KPM profiles collected across the buried channel at different 
distances, indicated by dashed lines in figure 2 (a), from the left electrode. 
 
Fig. 4 Plots of the KPM signal as a function of the distance from the left electrode, both for regions 
directly above (black square dots) and away (red circular dots) from the buried channel. The black 
dashed line represents V0(x) given by eq. (2).  
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Fig. 5 (a) Predicted potential at the surface V0, defined by eq. 3, as function of experimental 
potential KPM signal 
KPM
V. The dot-dashed line is the best-fit line.
 (b) Experimental (
KPM
Vc(x), red 
filled circles) and corrected by the linear transfer function in eq. (4) (
KPM
Vc
corr
(x), red hollow 
circles) potential drop from KPM signal. The line is the predicted potential drop (eq. 7) derived 
from the  equivalent circuit schematically drawn in the inset. 
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